Oncogenic stimuli trigger the DNA damage response (DDR) and induction of the alternative reading frame (ARF) tumor suppressor, both of which can activate the p53 pathway and provide intrinsic barriers to tumor progression. However, the respective timeframes and signal thresholds for ARF induction and DDR activation during tumorigenesis remain elusive. Here, these issues were addressed by analyses of mouse models of urinary bladder, colon, pancreatic and skin premalignant and malignant lesions. Consistently, ARF expression occurred at a later stage of tumor progression than activation of the DDR or p16
Introduction
Oncogenic stimuli elicit cellular responses that commonly lead to premature senescence or cell death, depending on the cell type, nature and intensity of deleterious signals. [1] [2] [3] [4] Suppression of cell death and senescence is imperative for cancer progression. 1, 4 The p53 protein has an established role in imposing the apoptotic and senescence antitumor barriers.
1,2,4-6 Nevertheless, the relative contribution of two major routes known to trigger p53 during oncogenic challenge, the DNA damage response (DDR) network [7] [8] [9] [10] [11] and the alternative reading frame (ARF) tumor suppressor, 2, 4, 5, 12, 13 remains unexplored.
DDR detects various DNA lesions, signals their presence and promotes appropriate cellular response. [14] [15] [16] signalling is initiated upon binding of sensor complexes at sites of DNA damage, followed by recruitment of ATM and ATR kinases that phosphorylate various cellular proteins including the Chk2-and Chk1-kinases, respectively. The ATM/Chk2 and ATR/Chk1 modules regulate downstream effectors, including p53 that is pivotal for the cellular response to genotoxic insults and other stress types. 15 The second pathway involves ARF expression, 13 whose gene resides in CDKN2 locus, overlapping with the p16 INK4A tumor-supressor and cell-cycle inhibitor gene. 13, 17 ARF antagonizes MDM2, a p53 specific E3-ubiquitin ligase, stabilizing p53 and enhancing its activity.
Although there is substantial evidence to support that oncogenic stress can activate both DDR and ARF, the key issue of the relationship between these anticancer barriers and other questions in this field remain unresolved. For example, are DDR and ARF triggered concurrently or at different cancer developmental stages? Is the activation of DDR versus ARF dependent on cell/tissue type, species or a specific oncogene and/or the 'strength' of an oncogenicinsult? Another issue is that of a potential 'hierarchy' of response within the CDKN2 locus that is frequently targeted during cancer, that is, the question of which of the two tumor suppressors, ARF or p16 INK4A , is activated preferentially, given that cancer-associated deletions of this locus often affect both genes. 2, 13, 17 Considering these questions, we investigated the above pathways in clinical settings and in vivo mouse tumor models covering the entire histopathological spectrum of cancer development, complemented by functional analyses of human cellular models exploring various oncogenic stimuli.
Results
The DDR pathway is activated earlier than ARF during progression of murine premalignant lesions to malignancy. The relationship between DDR activation and ARF induction was examined in various experimental mouse models. In most cases, the entire pathological sequence of cancer progression was available.
The first model involved a Ha-Ras transgenic mouse that expressed, under the control of mouse uroplakin-II promoter, a mutant Ha-Ras (codon Q61L) in the urothelium. 18 Heterozygous (Ha-Ras L61 þ / À ) mice developed urothelial hyperproliferation and simple hyperplasias. In contrast, homozygous (Ha-Ras L61 þ / þ ) mice developed nodular hyperplasias, which later progressed to low-grade, noninvasive superficial papillary tumors. Immunohistochemical examination of DDR status with various validated antibodies revealed activation from simple urothelial hyperplasia, as demonstrated by phosphorylation of histone-H2AX (gH2AX) and Chk2 (phosphorylated at Thr68 Chk2). Conversely, ARF expression studied on parallel sections appeared later, at tumor stage that required two mutant Ha-Ras alleles ( Figure 1a ). The percentage of ARF-positive cells, even at the tumor stage, was also overall lower than that of DDR-positive cells ( Figure 1a) .
Next model comprised the azoxymethane (AOM) and dextran sodium sulfate (DSS)-induced colitis, which progressed to cancer. 19 Within this context K-Ras and Wnt signalling pathways become activated 20 and p16
INK4A
expression is increased from preneoplastic stages. 21 This model resembles the human idiopathic inflammatory bowel disease, a condition with increased risk for developing cancer. 22 Preneoplastic and neoplastic lesions obtained from these mice covered the whole spectrum of carcinogenesis, ranging from atypical regenerative hyperplasias to adenomas, and adenocarcinomas. In situ analysis revealed activated DDR, depicted by nuclear gH2AX and phosphorylated ATM kinase, in all stages of cancer development. In contrast to early DDR activation, ARF expression was observed in later stages (Figure 1b) . Relevant to this, the p16 INK4A gene can be methylated early, whereas ARF is not affected. 23 In the third model, precancerous lesions were induced by conditional expression of K-Ras D12 in the pancreas, recapitulating the human preneoplastic (pancreatic intraepithelial neoplasia) PanIN stages 1-3. No adenocarcinomas were developed in this setting. DDR markers were robustly expressed at all PanINs 1-3, whereas ARF was detected only in PanINs 2-3 (Supplementary Figure 1a) . Notably, p16
INK4A expression was decreased in PanINs 2-3, in accordance with data from human PanINs showing specific p16
INK4A methylation from PanIN-1 to ductal adenocarcinoma, in contrast to p14 ARF gene that remained unmethylated in this setting, thereby supporting specific selection toward p16 INK4A inactivation early in pancreatic tumorigenesis. 24 The fourth model carried a homozygous conditional nicastrin (Ncstn À / À ) deletion in the mouse skin. Nicastrin is a subunit of the g-secretase complex, responsible for Notch1-receptor maturation. 25 Hence, the model resembles a conditional Notch1 deletion. 26 Low-grade and high-grade skin dysplasias were produced. Consistent with the other mouse models (Figure 1; Supplementary Figure 1 ) the DDR markers were expressed intensely in all skin lesions, whereas increased ARF was detected only in high-grade dysplasias (Supplementary Figure 1b) .
DDR is activated earlier than ARF during human epithelial tumorigenesis. Next, we examined the relationship between DDR and ARF expression during cancer progression in human clinical samples. We employed panels with major stages of head and neck, urinary bladder and skin cancer development. A limited number of human pancreatic cancers encompassing all pathological stages of development was also examined.
In human head and neck and urinary bladder lesions, DDR signalling appeared massively activated from the early stages (hyperplasias and superficial Ta-lesions, respectively), as demonstrated by H2AX and ATM, or Chk2, phosphorylation (Figures 2a, bi and bii). Heterogeneous expression of p53 along with its p21 WAF1 target was evident in early stages, indicating that wild-type p53 is activated in these lesions. However, as lesions progressed p21 WAF1 expression decreased, whereas the frequency and abundance of p53 expression was often enhanced compared with earlier lesions (Figure 2b ). This 'discrepancy' between low/absent p21 WAF1 and high p53 levels at later stages of tumor progression is consistent with frequent p53 mutations in most tumors. 27, 28 Contrary to the observed DDR activation, ARF levels were virtually absent in early stages and increased gradually in advanced tumors, as confirmed immunohistochemically with three antibodies (Figures 2a and b, Supplementary Figure 2 , and data not shown). Importantly, the observed trend from absent/low toward higher ARF expression with advancing tumor progression in head and neck and urinary bladder lesions was also detected at mRNA level (Figures 2aii and  2bii; Supplementary Tables 1 and 2 ). Overall, the DDR activation preceded both the induction of ARF and overabundance/mutation of p53, the latter consistent with selection for p53 mutations after it had been activated by upstream DDR signalling.
in morphologically normal epithelium of head and neck samples, and more apparent in early lesions of head and neck and bladder origin (Figure 2 ). The CDKN2 locus is known to be targeted early in both bladder and head and neck cancer. 29, 30 Indeed, we found CDKN2A inactivation in a subset of our cases, as shown by DNA copy number and lossof-heterozygosity analysis at various progression stages of human urinary bladder and head and neck tumors (Figures 2biii and biv; Supplementary Figures 3 and 4 ; Supplementary  Tables 1 and 2 ). Given that our genetic, protein and mRNA analyses showed that in the large proportion of tumors with preserved CDKN2 locus ARF becomes upregulated only later during progression of bladder tumors, our data indicate that the observed CDKN2A loss in earlier stages of carcinogenesis reflects selection against p16
, rather than ARF. Analogous results were obtained in human pancreatic lesions (Supplementary Figure 5) . Characteristically, all cases harbored K-Ras mutations from PanIN-1, resembling the pancreatic murine model described above (Supplementary Figure 1a) .
Finally, a panel of squamous cell skin carcinomas including adjacent in situ carcinomas (Bowen disease) and actinic keratosis lesions was investigated. Actinic keratosis and Bowen disease are sunlight-related disorders, considered as precursor lesions of squamous cell skin carcinomas. 31 In these settings, DDR and ARF immunohistochemical analyses revealed activation of both from the earliest lesions (actinic keratoses), although DDR activation was more prominent (Supplementary Figure 6a) . The early ARF induction in this context may be related to the fact that squamous cell skin carcinoma is sunlight related and the INK4A/ARF locus appears to have a role in UV-induced stress. 32 Consistent with the latter, in a human skin xenograft model, in which hyperplasias were induced by adenoviral-mediated expression of growth factors (basic Fibroblast Growth Factor, Stem Cell Factor and Endothelin) and were UV unrelated, Figure 1 Activation of the DDR pathway precedes ARF upregulation during murine carcinogenesis. Immunohistochemical analysis of activated DDR markers (gH2AX, Chk2-pT68, ATM-p), p19 ARF , p16
, p53 and p21 WAF1 in bladder tumors and precancerous urothelial lesions from UPII/Ha-Ras G12V transgenic mice (a) and precancerous lesions and colon adenocarcinomas from the colonic epithelium of AOM/DSS-treated mice (b). Corresponding histograms denote the average percentage expression of each molecule analyzed in normal tissues, precancerous lesions and carcinomas, respectively. Scale ¼ 50 mm pronounced DDR activation was observed, contrary to undetectable ARF levels (Supplementary Figure 6b) .
Higher threshold is necessary for oncogene-induced ARF expression than that required for DDR activation. Data so far showed almost exclusive activation of DDR in premalignant stages of epithelial carcinogenesis. As many of these early lesions eventually progress, expression of ARF, predominantly, at later stages of carcinogenesis (Figures 1  and 2 , Supplementary Figures 1-6 ) implies that ARF may probably represent a delayed or 'secondary' anti-oncogenic response, complementary to DDR. An emerging question is why ARF 'does not sense and/or respond to' oncogenic signals that occur during initial steps of cancer development. A plausible scenario is that ARF activation requires a higher oncogenic threshold than DDR.
To explore this, we studied human bronchial epithelial cells (HBECs), into which various oncogenes were sequentially introduced. Transient Ha-Ras V12 introduction in HBECs resulted solely in DDR activation (Figure 3a) . To examine whether the absence of ARF was due to ARF-mediated p53 apoptosis, flow cytometric detection of cells with sub-G1 DNA-content was employed. An apoptotic wave following Ha-Ras V12 transfection was noticed, which was prevented by suppressing either ATM or p53 (Figure 3b) . Notably, although p53-silencing inhibited apoptosis to a similar extent as ATM knockdown, surviving cells did not show ARF expression (Figures 3a and b) . Consistent with the ATM role rather than ARF in apoptosis induction, expression of p53 regulated pro-apoptotic genes Bax, PUMA and NOXA was restored to basal levels after small interfering RNA (siRNA)-mediated ATM silencing, whereas siRNA knockdown of ARF had no effect ( Figure 3c ). Collectively, these results suggest that the lack of ARF expression after one oncogenic 'hit' is not due to p53-mediated apoptosis (that could eliminate the potentially ARF-positive cells), but rather a consequence of low oncogenic load, insufficient to induce ARF.
To examine ARF and DDR in the same human epithelial cell model, yet exposed to higher oncogenic load, we employed the established combination of cell immortalization with telomerase (human telomerase reverse transcriptase (hTERT)) and ectopic mutant Cdk4 expression, followed by the oncogenic 'progression' event achieved by expressing K-Ras V12 . 33, 34 Analysis revealed that the hTERT/Cdk4 impact was sufficient for DDR activation, whereas ARF expression required the additional oncogenic event from K-Ras V12 (Figure 4a ). Similar results were obtained in BJ fibroblasts, transformed with either b-catenin, or Ha-Ras V12 , or with both. Although Figure 4b ). In both HBEC and BJ models of multistep transformation, ARF protein appearance was accompanied by a dramatic raise of its mRNA; supporting a transcription-based ARF induction mechanism in these settings (Figure 4 ). Increase of ARF at both protein and mRNA levels corresponded with sequential introduction of at least two oncogenic 'hits' suggesting that the late ARF increase, observed during cancer development, is a result of accumulating oncogenic insults.
To validate this, we examined trans-activation of human and murine ARF promoter-driven reporter systems, respectively, in U2OS E2F1-ER cells, combined with ectopic expression of various oncogenes. As documented by reporter data obtained upon expression of various oncogenes, used separately or combined, the reporter signal was significantly amplified when more than one oncogene was activated ( Figure 5 ). Both the human and murine ARF gene promoters contain E2F responsive elements, canonical and non-canonical (Figure 6a) , [35] [36] [37] [38] regarded as one of the key downstream effectors of most signaling pathways that trigger ARF transcription. 39 Of note, Ha-Ras V12 induced transactivation of murine ARF promoter was significantly higher than the human one ( Figure 5 ). This result probably reflects the presence of the DMP1 responsive element in the murine ARF promoter, 40 pointing-out a species-specific difference in ARF regulation.
To examine whether E2F1 binding to ARF promoter may reflect the increasing oncogenic load in this model system, we performed a chromatin immunoprecipitation (ChIP) assay in the HBEC setting. Concurring with the reporter assays, increased E2F1 binding on ARF promoter was evident only in HBECs that harbored both the active Cdk4 and K-Ras V12 ( Figure 6 ). Notably, the overall endogenous E2F1 protein level was increased about eightfold in cells exposed to higher oncogenic load (Figure 6b) , consistent with the induction of ARF in those settings, and the dramatically increased occupation of ARF promoter ( Figure 6c ).
As these results collectively indicated a major difference between the two barriers in response to a single oncogene, we transformed the BJ fibroblasts with an inducible Ha-Ras V12 to study whether prolonged induction of a single oncogene is sufficient for ARF versus DDR induction. Consistent with the emerging requirement for a more robust oncogenic stimulus, ARF remained non-induced, at both protein and mRNA levels upon expression of Ha-Ras V12 throughout an 18-day experiment, conditions sufficient to trigger phenotypic features of oncogene-induced senescence (Figures 7a-c) . Importantly, the same Ha-Ras expressing BJ-cells showed hallmarks of DDR activation (formation of gH2AX-or 53BP1-foci), along with p16
INK4A and p21 WAF1 induction that preceded establishment of senescence (Figures 7a and b) . As positive control, parallel expression in the same BJ cell model of ectopic E2F1, a known transcriptional activator of ARF, 35, 41 was sufficient to induce endogenous ARF, along with strong DDR induction (Figures 7a and b , and data not shown). Despite apoptosis was low in this model (around 1% as detected by an in situ cytochrom-C release assay), we suppressed p53 to exclude a potential masking of ARF-expressing cells by p53-mediated cell death. Neither ARF protein nor its mRNA, respectively, was elevated upon , whereas siARF had no effect p53 silencing at any time point throughout these experiments (Figures 7d and e) . Importantly, the biological impact of p53 silencing in these cells was documented by complete elimination of cellular senescence under conditions with activated Ha-Ras V12 (Figure 7f) , thereby excluding the possibility of insufficient p53 knockdown.
As the results obtained so far pointed DDR as a more sensitive 'detector' of oncogenic stress compared with ARF, we further validated this concept by testing whether DDR also contributes a more robust impact in terms of biological responses to threat represented by oncogene-transformed cells. Therefore, we examined the contributions of DDR versus ARF to cellular senescence induced by a single oncogene. Ectopic expression of E2F1 in BJ cells triggered senescence that was bypassed more efficiently by ATM knockdown than depleting ARF (Figure 8a; Supplementary  Figure 8) . Furthermore, concomitant ATM and ARF silencing did not further strengthen the senescence inhibitory impact compared with depleting ATM alone, supporting the notion that the DDR checkpoint provides the decisive senescence trigger under such conditions (Figure 8a ). Next, upon challenging BJ cells with an increased oncogenic load provided by two cooperating oncogenes (Ha-Ras V12 and b-catenin, Figure 8b ), the percentage of senescent cells was increased compared with those noticed upon expression of either oncogene alone. Under these experimental settings, senescence was bypassed partially upon either selective ATM inhibition or ARF silencing, whereas concomitant ATM and ARF silencing was clearly more potent than inhibiting either pathway alone (Figure 8b ). These data suggest that as oncogenic stimuli accumulate, both pathways act in concert to provide a biologically significant defense against increasing threat of malignant transformation.
Discussion
We provide novel insights into the orchestration and relative contributions of the DDR and ARF tumor-suppressor , or concomitantly with both Ha-Ras V12 and b-catenin. ARF mRNA levels were clearly detected only upon the sequential introduction of at least two oncogenic 'hits' in both experimental settings. In the experimental systems of c and d those with the highest ARF mRNA levels, were arbitrarily set to 1. All other values were assessed as fold changes relative to these maximal levels, due to the absence of ARF mRNA in certain settings mechanisms. Both respond to oncogenic stress and alarm p53-dependent and -independent antitumor responses. Their respective activation timing, magnitude of response, potential tissue-and species-specific differences, requirements in terms of activation thresholds and relative merits of ARF versus p16
INK4A were addressed. These issues are important not only from mechanistic and conceptual points of view, but also for cancer management. These barriers not only impact cancer progression and, hence, overall incidence of malignancies, but also modulate the outcome of the vast majority of non-surgical treatment modalities used in oncology. This first '4-dimensional' comparative analysis of these mechanisms in multiple experimental and clinical settings, allowed several important and novel conclusions.
First, in vivo analyses of multistage tumorigenesis in mouse models and human epithelial clinical samples showed consistently that ARF is activated later, and less frequently than DDR. This conclusion was based on both parallel immunohistochemical assessments, and wherever feasible by ARF mRNA analysis. ARF protein expression patterns were obtained reproducibly with four different antibodies, consistently with the mRNA analyses. These in vivo data sets were corroborated by functional in vitro analyses, ruling out the possibility that the observed lack of ARF induction in early lesions could reflect insufficiently sensitive staining. Importantly, CDKN2A deletion was excluded as a reason for lack of ARF expression in early lesions, although the locus was inactivated in a subset of the analyzed tumors, consistent with previous reports. 29, 30 These findings indicated that the DDR checkpoint detects oncogenic stress in vivo with higher sensitivity and earlier compared with ARF. Consistently, recent studies of human colon adenomas and carcinomas demonstrated a mutator phenotype 42 and chromosomal instability, 43 respectively, with hallmarks of replication stress-induced DNA damage.
Second, considering our initial in vivo data, we employed in vitro human models to test our hypothesis that ARF activation requires more robust oncogenic insult(s), compared Figure 5 Activation and amplification of ARF reporter signal requires more than one oncogenic 'hits'. Luciferase activity assay of the human (a) (p14ARF-Luc) and murine (b) (pGL2-p19ARF-Luc) ARF promoter-driven luciferase reporters, in U2OS E2F1-ER cells challenged with various oncogenes separately or in conjunction. Note that Ha-Ras V12 trans-activates significantly more the murine ARF promoter than the human one. Inset: E2F1 immunofluorescence in U2OS E2F1-ER cells after tamoxifen treatment confirms E2F1 activation (nuclear signal). Statistically significant differences are depicted with * and non-statistically significant as dash lines. RLU, Relative Luciferase Unit with DDR. Indeed, expression of single oncogenes in either BJ-fibroblasts or HBECs was sufficient for induction of DDR and senescence, whereas ARF activation required a combination of oncogenic insults in either cellular model. An intriguing issue related to these results is the nature of molecular triggers capable of activating these pathways. Oncogene-induced replication stress and DNA breakage appear to account for DDR activation, mediated primarily by phosphorylation-dependent signaling, 1, 3, 6, 44, 45 whereas efficient ARF induction reflects a primarily transcription-based mechanism requiring an escalating oncogenic load. The latter finding probably reflects the complex organization of the responsive elements within ARF promoter. [35] [36] [37] As such E2F1, a key ARF inducer, requires the non-canonical responsive region that contains apart to E2F1, additional elements for other transcription factors (Figure 6a) . Likewise, oncogenic Ras requires endogenous activities of both E2F1 and Sp-1 transcription factors to activate human ARF.
37
Taken together, with our results from various assays, and the elevated ARF and E2F1 levels seen upon combining more than one oncogenic stimulus suggest that a combination of oncogenes signaling through various pathways affecting Figure 6 (a) Schema showing the CDKN2A locus and the human ARF promoter on 9p21 chromosome arm. The proximal region ( À 300 to 0) of human ARF promoter is depicted at nucleotide level and encompasses a non-canonical E2F1 responsive region located at positions À 287 to À 180. Underlined sequence depicts partial homology in the non-canonical E2F-1 region between human and mice. Representative results of a stringent bioinformatic analysis (485%) of the region, using the online tool TFSEARCH program, S75 shows subregions (dashed color lines) that include a number of potential responsive elements to various transcription factors involved in key growth signaling routes. The homology tool scans the TRANSFAC databases (developed at GBF-Braunschweig, Germany) as a source for established transcription factor-binding site profiles.
S76 Increased oncogenic load is followed by elevated E2F1 levels and binding to the human ARF promoter.
(bi) Immunoblot analysis shows increased E2F1 levels only in HBECs with both the active Cdk4 and K-Ras V12 . (bii) E2F1 immunofluorescence in Saos2 E2F1-ER cells after tamoxifen treatment confirms E2F1 activation (nuclear signal). (c) Chromatin immunoprecipitation (ChIP) assay (bars from corresponding real-time RT-PCR outputs) reveals binding of E2F1 in the ARF promoter only in the HBECs that harbored both the active Cdk4 and K-Ras V12 . Corresponding values of E2F1 binding on the ARF promoter in Saos2 E2F1-ER cells were used as positive control (PC). They were also arbitrarily set as maximal level (100) relative to which all other fold bindings in the other experimental settings were estimated transcription, are required for a biologically meaningful ARF response. This scenario also involves cellular context influence and additional regulation levels, such as feedback loops and post-transcriptional modifications. [46] [47] [48] Third, we addressed the relative contributions of DDR and ARF, respectively, to oncogene-evoked cellular senescence or death. 1, 13, 15 Consistent with our concept of a dominant DDR role in early responses to limited oncogenic load, the cell-culture experiments showed that both cellular responses (at enhanced level) were attributable to the DDR (ATM)-p53 axis, rather than to ARF. Additionally, in vitro experiments with blocking the p53 function in single-oncogene scenarios, excluded the possibility that potential subsets of ARF expressing cells could be eliminated through ARF/p53-mediated cell death. Even in the only scenario when a single event resulted in ARF induction, namely the ectopic expression of E2F1, ARF expression was largely dispensable for ensuing senescence, in contrast to the causal role of DDR. The intriguing implication of this is that even if ARF is expressed under conditions of a limited oncogenic load, the overall cellular context seems not permissive for ARF to trigger cell-cycle arrest or cell death, and such cellular responses rely on the DDR machinery. Nevertheless, when oncogenic insults accumulate, DDR and ARF act in concert to trigger senescence. Despite sparse evidence showing that an increased oncogenic load is required for induction of senescence or apoptosis, our study is the first that mechanistically demonstrates the co-operation between DDR and ARF under such condition. 49, 50 In case p53, the downstream effector is inactivated, as it usually happens during carcinogenesis, ARF could contribute as an anti-tumor response by exerting the p53 independent functions it possesses. 13 Fourth, although the bulk in vivo tumorigenesis results obtained were consistent with ARF expression at advanced ARF is undetectable in BJ cells expressing Ha-Ras V12 regardless of sh-mediated depletion of p53 (western blot, 18-day time-course); shctrl vector was used as control for p53 knockdown efficiency, and inducible E2F1 BJ cells were used as positive control for p14 ARF expression. (e) Constitutive depletion of p53 by shRNA ensures low levels of p53 mRNA (green and black graphs), whereas the low basal p14 ARF mRNA level (blue, no Ras) remains unchanged despite the expression of Ha-Ras V12 (Dox þ ; pink) under conditions of p53 depletion (in both blue and pink bars). Fold change of p14 ARF and p53 mRNA levels are relative to control Dox À (no Ha-Ras V12 ) cells transformed with a control (shctrl) vector (values of 1.0). (f) p53 knockdown leads to bypass of Ha-Ras V12 -induced (Dox þ ) senescence (% SA-b-gal-positive cells). Dox, doxorubicin stages, compared with earlier onset of DDR, we noticed one exception. This was the early detection of human ARF in actinic-keratosis, a precursor for squamous cell skin carcinomas. 31 Such early ARF expression apparently contradicted the lack of ARF noted in earliest lesions in our nicastrin deficiency model of mouse skin carcinogenesis. This 'exceptional-early' ARF expression in some human skin lesions could be related to the fact that squamous cell skin carcinoma is sunlight related, and the CDKN2 locus is responsive to UV-induced stress. 32 This interpretation is supported by: (i) the human skin xenograft model of hyperplasias unrelated to UV light; and (ii) the lack of early ARF expression in the mouse model of nicastrin/Notch tumorigenesis. Neither of these settings are UV exposed, and both featured pronounced DDR activation, with undetectable ARF, supporting the concept of delayed ARF activation during tumor progression, and the likely link of heterogeneous ARF expression in the early human skin lesions with UV radiation. As we focused on epithelial tumors that represent the bulk of cancer, it is possible that additional 'exceptions' from the preferential DDR activation compared with ARF may emerge from future tumorigenesis studies in tissues of other histogenesis.
Fifth, another important result, was that p16 INK4A , also encoded by the CDKN2 locus, was induced more often than ARF and earlier during tumor progression in vivo and in in vitro V12 and b-catenin) exhibit higher proportions of senescent cells, compared with those observed with one oncogene. In this context, senescence is analogously bypassed with either ATM inhibition or ARF silencing. Statistically significant differences are depicted with * and non-statistically significant as dash lines. # Denotes that ATM inhibition performed either by siATM transfection or treatment with the specific ATM inhibitor Ku55933 revealed similar effects on senescence elimination. Corresponding control experiments showed also no differences in proportions of senescent BJ cells (data not shown) models. These results support the partly independent regulation of these overlapping genes 2 during tumorigenesis, indicating that mainly p16
INK4A expression is likely selected against by CDKN2A losses, at least in early human cancer stages. Most of our knowledge regarding INK4/ARF expression concerns p16
INK4A regulation at transcriptional 17 and post-translational level. 51, 52 Its induction is often associated with mitogen-activated protein kinase activation. [53] [54] [55] The involvement of p16
INK4A from the earliest stages of cancer possibly reflects 'oncogenic' signals triggering the Ras-RafMek pathway. 56 Ras, a nodal upstream element in this cascade, can lead to p16
INK4A expression by ERK-mediated activation of Ets1/2. 57 Considering the available literature and our results, the required 'threshold of oncogenic-stress' could again, as in the case of DDR versus ARF, represent the decisive factor underlying the differential p16 INK4A and ARF expression regulation during cancer progression. Finally, as CDKN2A promoter sequences are not well conserved between human and mouse, inter-species differences can be significant. 58 Indeed, although in rodents relevant stimuli mostly result in co-regulation of the two genes, 59, 60 in humans co-regulation of p16
INK4A and p14 ARF is uncommon. 17 We conclude that in contrast to the earlier, more sensitive and widespread DDR-activation, ARF expression and its biological impact on nascent cancer cells require conditions of escalating oncogenic load, suggesting that ARF may provide a delayed and 'less-sensitive' checkpoint-barrier during cancer development. As events leading to inactivation of these barriers during tumor-progression fuel tumorigenesis at the expense of genome integrity and enhanced dependency on stress-support pathways, this area of cancer research can provide further leads to future therapeutic exploitation of such tumor-selective vulnerabilities. Considering also the complexity and interdependencies of such mechanisms and their changing landscape over time, further elucidation of these pathways, and probably combined targeting of multiple pathways, will be required for more effective and personalized cancer management.
Materials and Methods
Human samples. Formalin-fixed, paraffin-embedded specimens of normal (n ¼ 7) and tumor bladder tissues (n ¼ 103) from the University Hospital in Aarhus were examined. The human specimens from the head and neck (n ¼ 19), skin (n ¼ 5) and pancreas (n ¼ 3), comprising the entire spectrum of pathological lesions that develop during epithelial carcinogenesis, were obtained from the Laboratory of Histology and Embryology, Athens Medical School. All samples were collected according to local ethical committee approvals. None of the patients had undergone any cancer therapy before surgical resection of the lesions.
Mouse models. The mouse model of human skin xenografts employed in this study was previously described. 9 UPII/Ha-Ras-M transgenic mice expressing a constitutively active rabbit Ha-Ras Q61L under the control of a 3.6-kb mouse UPII promoter were produced as reported before.
18,S61
Mice with colitis-associated colon cancer were obtained by intraperitoneal injection of AOM (10 mg/kg in phosphate-buffered saline), followed after 1 week by three cycles of DSS treatment. Each cycle comprised oral administration of 2% DSS; (w/v in H 2 O) for 7 days and subsequent administration of H 2 O for 14 days. Mice were killed at 12 weeks after AOM injection and colon tissue preparations were performed by standard histological manipulations.
PdxCre;LSL-K-Ras D12 mice, constantly expressing the oncogenic, constitutive active, form of K-Ras in all pancreatic progenitors, under the PdxCre activation, were employed. ; ROSA26 CRE-ERT2/ þ offspring. Six-to eight-week-old mice were administered 3 mg of tamoxifen citrate, orally through a feeding needle, every other day for a total of four doses, in order to produce mice in which the Ncstn locus is disrupted in all tissues (Ncstn À / À ). Four to six weeks after tamoxifen citrate administration, mice were killed and tissues were either snap frozen in liquid nitrogen or fixed in 10% formalin O/N at 4 1C and embedded in paraffin for sectioning.
Immunohistochemistry. Antibodies and immunohistochemistry analysis were essentially performed as previously described. [7] [8] [9] Details are provided in Supplementary Information.
Cell culture and treatments. Normal human BJ fibroblasts, BJ cells with inducible E2F1 and BJ TetON-Ha-Ras V12 cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Biochrome, Bioline, Athens, Greece), Biochrome is the manufacturer and Bioline is the local distributor, with 10% FCS (Biochrome, Bioline, Athens, Greece), 2 mM L-glutamine (Biochrome, Bioline,), 100 mg/ml penicillin and streptomycin (Biochrome, Bioline), respectively, at 37 o C and 5% CO 2 . U2OS E2F1-ER and Saos2 E2F1-ER cells were cultured as previously described.
S66
Normal HBECs, immortalized (hTERT/Cdk4) HBECs and immortalized HBECs transfected with K-Ras V12 . 34 All HBEC variants were grown in keratinocyte serum-free medium (Invitrogen, Carlsbad, CA, USA) supplemented with 50 mg/ml bovine pituitary extract and 5 ng/ml hEGF (Invitrogen), at 37 1C and 5% CO 2 . 34 Cells at 80% confluency were treated with 10 mM ATM inhibitor (Ku55933, Merck, Athens, Greece) S67 or DMSO for 24 h.
Inducible cell lines, plasmids, retrovirus construction and infections. Stable human BJ fibroblast strain conditionally expressing Ha-Ras V12 was generated by cloning Ha-Ras V12 under the control of a Tet-dependent promoter (Tet-On Advanced; Clontech, Mountain View, CA, USA). The system contains two elements, the regulator vector (pLVX-Tet-On Advanced) and the response vector (pLVX-Tight-Puro). Two recombinant lentiviruses (pLVX-Tet-On Advanced and pLVX-Tight-Puro) were produced using three other helper vectors pLP-1, pLP-2 and pVSVG (Invitrogen) following previously described protocol.
S68 BJ cells infected with both recombinant lentivirus were selected with 2 mg/ml puromycin and 500 mg/ml G418. Expression of Ha-Ras V12 was regulated by adding of into the medium at a final concentration 2 mg/ml. Vector for p53 knockdown in BJ fibroblast strain conditionally expressing Ha-Ras V12 was generated by cloning hygromycin cassette from vector pLKO.1 hygro (Addgene plasmid 24150) via BamHI and KpnI to replace the puromycin cassette in shp53 pLKO.1 puro (Addgene plasmid 19119). Lentivirus for p53 knockdown was generated using vectors pMD2.G (Addgene plasmid 12259) and psPAX2 (Addgene plasmid 12260) following previously described protocols.
S69
Retrovirus for preparation of E2F1-expressing BJ cells was generated by transfection of Phoenix cells with pBabeHAERE2F (kindly provided by Kristian Helin, University of Copenhagen) using the calcium phosphate method. BJ cells infected with retrovirus for 72 h were selected with 2 mg/ml puromycin. Expression of N-terminally HA-tagged ER-E2F1 was regulated by the addition of 4-hydroxytamoxifen at a final concentration of 300 nM. The functionality of this E2F1 construct was reported previously. 7 Transient infections with pBabe-b-catenin, S70 pBabe-Ha-Ras V12 , pBabe-E2F1 and the corresponding control vector using the Phoenix helper-free retrovirus producer cell line were performed as previously described.
S66 In brief, 70% confluent Phoenix cells were transfected, using the Lipofectamine 2000 transfection kit (Invitrogen), with the gene expressing vectors or the control vector alone, and the obtained replication-incompetent retroviruses were used for the infection of HBECs, BJ or U2OS E2F1-ER cells along with 10 mg/ml polybrene (Sigma, Athens, Greece). Twenty-four hours after infection, the cells were selected with the appropriate antibiotic for 2 days and harvested for further analysis 2 days later, unless otherwise specified (Supplementary Figure 8) . For serum starvation conditions, 24 h after infection, culture medium was replaced with DMEM containing 0.1% serum with the addition of the appropriate antibiotics. Selection lasted for 48 h and the cells were cultured for another 48 h with the low-serum-containing DMEM.
Transfections with control siRNA (Stealth RNAi, Invitrogen), anti-ATM (Stealth RNAi, Invitrogen), anti-p14 ARF (Invitrogen) or anti-p53 (kind gift from Dr. Moshe Oren) siRNA pools, as well as shp53, applying Effectene (Qiagen), were performed as previously described.
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Luciferase reporter assay. Luciferase reporter assays were performed as previously described.
S72 U2OS E2F1-ER cells at a 90% confluency were transfected using 50 ml OptiMEM-reduced serum medium, 1 ml Lipofectamine 2000 (Invitrogen) and 0.2 mg of plasmid pGL2Basic/Luc, p14ARF-Luc (kind gift of Dr. PP Pandolfi) or pGL2-p19ARF-Luc (kind gift of Dr. PP Pandolfi), along with 0.2 mg of pBabe-Ha-Ras V12 or pBabe-b-catenin or combination of both, respectively, as described in previous section. Four hours before cell collection, E2F1 nuclear translocation was tamoxifen induced (Supplementary Figure 8) . 7 Cell extracts were obtained as recommended by the manufacturer (Luciferase Assay System E1500, Promega, Madison, WI, USA). Luc activities were measured in a Safire2 TECAN microplate reader (Tecan, Männedorf Switzerland). Transfection efficiency was estimated by co-transfecting the pCH110 plasmid containing a lacZ gene expressed under the control of the SV40 early promoter (GE HealthCare, Athens, Greece). All transfections were repeated three times.
Indirect immunofluorescence. Indirect immunofluorescence analysis was performed according to a published protocol 11 and is described in details in the Supplementary Information.
ChIP assay. ChIP assays were performed as previously described.
S71 Detailed description is provided in Supplementary Information.
Senescence associated b-galactosidase (Sa-b-gal) staining. BJ cells were infected with control, Ha-Ras V12 , shp53, b-catenin or E2F1 pBabe vectors as well as combinations of them ( Figure 8 and Supplementary Figures 7  and 8 ) as described in previous section, except selection that lasted for 4 days. Subsequently, cells grown on coverslips were transfected with anti-ATM or anti-ARF siRNAs and/or treated with an ATM chemical inhibitor (Ku55933 as described in previous section) or DMSO. Finally, at day 10, control and treated cells were fixed in 1% paraformaldehyde, processed for Sa-b-gal activity and counterstained with nuclear fast red, as described elsewhere. 9 BJ cells conditionally expressing Ha-Ras V12 were fixed at day 18 and stained with Senescence b-Galactosidase Staining Kit (Cell Signalling, Bioline, #9860). Only cytoplasmic staining was scored as a positive signal.
Protein extraction and immunoblotting. Protein extraction and immunoblotting analysis were essentially performed as previously described 11 and is presented in detail in Supplementary Information. Flow cytometric analysis. Flow cytometric analysis was conducted as previously described. 11 Details are provided in Supplementary Information.
Isolation of nucleic acids. DNA extraction and RNA isolation were performed as described elsewhere. 11 See details in Supplementary Information.
cDNA preparation and real-time reverse transcription (RT)-PCR analysis. cDNA was generated using the Superscript II Reverse Transcriptase (Invitrogen) and oligo-dT (Invitrogen) following the supplier's guidelines. Evaluation of p14
